This paper describes the interpretation of results from a sea-to-land crustal seismic experiment based on south-west England and extending to Ireland and Brittany. Only P, and P,, were observed as first arrivals and these have been subjected to time-term analysis yielding estimates of 5.82 and 8-05 km s-' respectively. A remarkably uniform and consistent structure was observed along line 1 of the project, which overlies the granite batholith of south-west England and its seaward extension to the WSW. Along line 1, the crustal structure was determined using first arrival data supplemented by the well displayed wide angle reflection P,,, P, yielding the following estimates: P, = 5-85 kms-'; P,, = 8.07 km s-'; mean crustal velocity = 6*2Okms-'; crustal thickness = 27 km; dip of Moho insignificant. No discontinuities were detected within the crust, but there is a gradual increase in velocity with depth between the base of the batholith (10 km depth) and the Moho. The upper crustal channel wave F, was observed along this line. Line 2 extends from South Ireland to Land's End, and the time-terms are about 10 per cent larger than along line 1. P , time-terms along the northern part of line 2 reflect the presence of a sedimentary basin known from gravity anomalies, but corrected P,, time-terms suggest that the Moho is not detectably upwarped or downwarped beneath this basin. Line 3 extends from Land's End to Brittany, and displays a similar crustal thickness to that of line 1, except that the Moho shallows slightly beneath the sedimentary trough which crosses this line.
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The part of the peninsula of south-west England which lies to the west of Exeter is essentially formed of folded Ordovician to Carboniferous strata into which the five main Armorican granites of Dartmoor, Bodmin Moor, Hensbarrow, Cammenellis and Land's End have been emplaced. The Scilly Isles are also formed of an Armorican granite. A gravity survey covering south-west England (Bott, Day & Masson-Smith 1958) showed that a large negative local gravity anomaly of about -50mgal amplitude follows the granite belt, reaching individual minima over the granite exposures. The gravity anomaly is caused by the low density of the granite in contrast to the intruded Palaeozoic and earlier rocks. The gravity anomaly demonstrates that the granite itself must extend to a depth of about 10 km which is about a third of the normal continental crustal thickness (Bott & Scott 1964) . The gravity anomalies also show that the individual granite exposures are the outcropping parts of a single elongated granite batholith extending from Dartmoor to beyond Land's End. Unpublished gravity observations at sea imply that the Land's End and Scilly Isles granites are interconnected at depth, and Whitmarsh (1967) has presented further geophysical evidence that the granite batholith may extend at least 60 km WSW of the Scilly Isles. Thus the batholith is at least 200 km and may be more than 260 km long, which is adequate to accommodate a crustal refraction line. The main part of the project incorporating line 1 of shots WSW from Land's End was planned to investigate the crustal structure beneath this batholith. The geological map of the seabed (Fig. 2) shows that horizontal or gently dipping rocks of post-Carboniferous age cover most of the region. In common with the deeper structure, the trend is dominantly east-west or ENE-WSW reflecting the controlling influence of the Hercynian fold directions on the region. Several short refraction lines (Fig. 1 ) which are mostly unreversed have been shot previously. According to Hill & King (1953) and to Day and others (1956) , the velocities obtained fall into four main groups which they interpreted as follows:
Line 1 mainly lies along a ridge of relatively shallow Palaeozoic basement which may be interpreted as the WSW extension of the granite belt. The post-Palaeozoic layers thicken slightly from about 150 m at AR3 to 55@ m at AR6 and Permo-Triassic rocks appear to be absent here. Further west, there is a rapid thickening near the end of line 1 to about 1700m at DY7.
To the south of this ridge, the refraction results indicate a trough of sediments extending westwards from the English Channel towards the continental margin. The Palaeozoic floor is estimated to be about 1400m deep where the axis of the trough crosses line 3 in the vicinity of shot 36. However, station DY5 shows about 300m of sediments overlying a crystalline basement, indicating that shot 41 at the south end of line 3 overlies a relatively shallow basement. A surface ship gravity traverse was observed along line 3 during the Durham cruise of R.R.S. John Murray in 1967. This shows relatively high Bouguer anomaly values over the sedimentary trough indicating relatively dense compensating rocks at depth. However, there is a region of relatively low Bouguer anomaly at the south end of line 3 where the basement is relatively shallow (see Fig. 12 ). This gravity anomaly was interpreted by Ward (1969) as caused by a substantial east-west orientated granite mass extending between the position of shot 40 and the Brittany coast, which Ward named the Finisterre granite. Thus line 3 crosses a sedimentary trough and terminates at its southern end over a shallow basement formed by the postulated granite.
There are no short refraction lines along line 2, but an indication of the deep structure is given by a gravity traverse observed in 1967. The gravity anomalies in this region have subsequently been mapped by Blundell, Davey & Graves (1968) . The relatively high Bouguer anomals over the part of the line south of shot 26 indicates a fairly shallow basement here, but lower Bouguer anomaly values between shot 26 and the Irish coast show that this part of the line crosses a sedimentary trough which is a western continuation of the Cardigan Bay basin (see Fig. 11 ). Thus both lines 2 and 3 cross more complicated structure than that along line 1, and they also run roughly at right angles to the general trend of basement and sedimentary structures.
The nearest refraction line long enough to reach the Moho prior to the project was observed near the shelf edge by Bunce et ul. (1964) , but the crustal thickness was not well determined. An interpretation of pendulum gravity observations across the continental margin to the west was made by Worzel (1968) using crustal thickness determinations on the oceanic side of the margin as control; he estimated the crustal thickness to be about 26km beneath the shelf near south-west England, which is in remarkably good agreement with the results of the present project. Further north, Blundell & Parks (1969) determined a crustal thickness of about 30 km beneath the South Irish Sea where P, was found to be 8.09 km s-'. This experiment has so far been unique in Britain in revealing a 5.5 km thick lower crustal layer of velocity 7.28 km s-' giving rise to first arrivals.
There are two main contributions of the project described here towards the progress of British deep crustal investigations. First, it shows that careful planning of a project in relation to the known deep geological structure can greatly increase consistency of the results and the ease of interpretation. Second, use has been made
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The positions of the shots and the receiving stations are shown in Fig. 1 and are tabulated in Appendix A. Forty-five time-fused 136 kg depth charges were fired from H.M.S. Hecla on the seabed during the period 1966 November 4-8. Shot instants were recorded on H.M.S. Hecla using the output of a geophone, and a correction was applied for the travel time of the water wave from shot to ship. The time encoder used on H.M.S. Hecla and clocks at the recording stations were periodically recorded against MSF. Shot times are accurate to about k0.02 s. Shot positions were determined by Decca or by visual navigation near land. Errors in shot positions are estimated to be less than 1 km except for a few shots near the western end of line 1.
The central seismic station of the project was a digital recording cross-array station built by Lucas (1966) which was situated near Land's End. The array consisted of ten BP type swamp geophones placed about 0.5 km apart, with the two arms aligned approximately along the shot lines. The recordings were replayed in the laboratory in two ways. First, a visual analogue replay of all shots was obtained. Second, about half the shots were replayed onto paper tape using a flux-sensitive head replay system, and the data from the paper tapes was then read onto disc in the NUMAC 360/67 computer. This was then available for digital processing such as velocity filtering.
Other recording stations along line 1 were situated as follows. Two linear array stations of the type described by Long (1968) were sited on Dartmoor and Bodmin Moor. Each of these comprised five Willmore Mk.1 seismometers, with central F.M.
recording, which were aligned along the direction of line 1. Two further stations, each using three-component sets of Willmore Mk.1 seismometers with F.M. recording, were sited on the Hensbarrow and Carnmenellis granites; unfortunately the Hensbarrow station was unsatisfactory because of a faulty clock. The U.K.A.E.A. Seismology Unit operated a station consisting of two vertical Willmore Mk.11 seismometers on the Scilly Isles. It had been planned to place a hydrophone station at the western end of line 1 (also in the middle of line 2) but this was not occupied because of the suspected approach of inclement weather.
A three-component set of Willmore Mk I1 seismometers using F.M. recording operated by the Dublin Institute for Advanced Studies was sited near Waterford at the northern end of line 2. This recorded the shots of line 2 only. Most of the line 2 shots were also clearly recorded at the Eskdalemuir Seismological Array Station (Truscott 1964) . At the southern end of line 3, Ecole Normale Superieure operated 10 stations each of a single seismometer with paper recording which recorded the shots of line 3. These were placed at about 10 km intervals along the extension of the line of shots. No data was collected from two of these stations (numbers 1 and 8).
The magnetic tape recordings from the seismic stations were played out on paper tape, F.M. records being filtered if necessary for identification purposes only. First arrival onsets were read off unfiltered records. The travel times were computed and were corrected to a sea-level datum. The travel times are estimated to be accurate to k 0.05 s. Stacked records were also prepared for individual receiving stations in south-west England by mounting records from shots along a line in the form of reduced time-distance graphs.
Analysis of first arrival times
The travel times for the shots along line 1 were corrected for the delay caused by the thickening wedge of sediments at the western end using the velocity structure obtained from the earlier shallow refraction lines. No such corrections could be applied to arrival times of lines 2 and 3 because of lack of knowledge of the shallow velocity structure. Straight lines were then fitted by least squares to the corrected first arrival data for each station and line. The results are shown in Table 1 and in Figs 4 and 10.
The first arrival travel times for all stations except Dartmoor and Eskdalemuir are best fitted by two straight line segments intersecting at a crossover distance of about 120 km. Arrivals which have travelled less than 120 km are represented by segments with reciprocal gradients of slightly less than 6.0 km s-'. These are interpreted as the ' direct ' arrival travelling through the crystalline basement rocks and A. P. Holder and M. H. P. Crustal structure in the vicinity of south-west England 47 1 will be referred to as P,. Most stations show small positive P, intercepts on the time axis indicating the low velocity shallow structure caused by sedimentary layers and weathering of the granite batholith. Beyond about 120 km, arrivals lie on segments with reciprocal gradients of about 8.0 km s -l which are interpreted as representing the Moho head wave P,,. There is considerable scatter of the P, and P,, data about the straight line segments reflecting variability of shallow geological and crustal structure. A second arrival which follows the P, arrival at distances greater than 120 km and arrives at approximately the calculated P, time is not thought to be a true P, arrival because of its large amplitude (see below). Further interpretation of the time-distance graphs for the individual lines is given later in the paper. Both Pa and P,, first arrivals have been subjected to time-term analysis (Willmore & Bancroft 1960) . This method assumes that the travel-time data between a system of shots and stations for a single refractor of velocity u but varying depth can be fitted by a series of equations of the type ti, = Aij/u+ai+bj where Ai, is the shot-station distance and the time-terms ui and b, are the delays introduced by the overlying layers at shot and station respectively. The time terms are a function of the velocity-depth structure down to the refractor, and are independent of azimuth provided that the cone of rays between the refractor and the shot or station position crosses only uniformly dipping layers. The observational equations can be solved by least-squares for the unknown velocity and time-terms provided that (1) there are more equations than unknowns, and (2) at least one shot point and station have a common position (otherwise the equations are singular). To carry out the analysis, we have used the computational technique described by Berry & West (1966a) which was programmed for the NUMAC 360/67 computer. Condition (2) was satisfied by shots placed close to the positions of the Land's End and Scilly Isles stations.
A list of the P, and P,, time terms obtained are given with the estimated refractor velocities in Table 2 . A problem arose in the P, solution because the line 3 shots, and through them the French stations, were only linked to the rest of the solution through one observation at Dartmoor and two at Land's End. All three of these observations gave anomalously high travel times for their distances, and this caused the time terms for line 3 shots to be systematically too high by about 1.4 s and those for the French stations to be too low by the same amount. A second P,, solution was therefore obtained which excludes the line 2 shots and the French stations. (2) 3.38k0.03 (2) 3.1250.13 (2) 2.72k0.03 (13) The shot-station configuration of the experiment is not ideal for the time-term approach as it gives rise to unequal weighting. Nevertheless, the internal consistency of both the P, solution and the second P, solution (omitting line 3) are good. This of refractor velocity was obtained by using a set of constrained velocities in both solutions (Fig. 3) . Our estimate of P, velocity is significantly lower than that obtained in other British crustal experiments (Agger & Carpenter, 1964; Blundell & Parks 1969) . This is partly caused by the low P, velocity along the granite batholith but it is also observed along lines 2 and 3 where it may be partly caused by the spurious influence of sediments thickening away from the stations along the P, segments. The P,, velocity does not differ significantly from the value yielded by other published British crustal experiments.
The P, time terms are small along line 1 as would be expected where the sedimentary layers are thin or absent. There are substantial positive P, time terms along lines 2 and 3 reflecting the sedimentary troughs crossed by these lines. As would be expected, the P,, time terms are remarkably constant along the granite batholith between the positions of shot 10 and the Dartmoor station. These time terms increase substantially for the two westernmost shots of this line (shots 2 and 1) as would be expected from the thickening sediment wedge revealed by the shallow refraction results. The time terms along line 2 are about 0.5 s larger than those of the granite batholith and are more variable (see below).
It is to be hoped that some of the shot and station positions occupied during this crustal experiment will be re-occupied in later experiments. It will then be possible to incorporate the data into a more comprehensive time-term analysis.
Interpretation of l i e 1

First arrival interpretation
The results from line I are shown as reduced time-distance graphs in Fig. 4 . These exhibit a remarkably good consistency for a crustal refraction experiment and this is attributed to the uniform uppermost 10 km or thereabouts of the crust represented by the granite batholith itself. The estimates of P , at the stations range between 5.77 and 5*94kms-', and these can be combined to give an overall estimate of 5-85fO-O5kms-'. A truly reversed estimate of P , is obtained using the shots between Land's End and Scilly Isles stations, and this does not differ significantly from the above estimate. Birch (1958 Birch ( , 1960 found that the P velocity in granite increases with depth down to a pressure corresponding to about 3 km depth as the The figure in brackets is the estimate using the time term assuming Pn is 8.05 km s-' and P , is as above. It is shown below that the velocity must increase with depth through the crust along line 1. Thus these values must underestimate the true crustal thickness.
Analysis of later arrivals
The stacked record for Scilly Isles station shown in Fig. 5 reveals a basic pattern of arrivals which is common to all the stations along line 1. In addition to the S-wave arrivals which are not discussed here, large amplitude secondary arrivals appear on the records at and beyond a distance of 70 to 80 km and at a reduced travel time ( T -A/6.0) of about + 2 or + 3 s. This group of arrivals can generally be correlated from shot to shot out to a range of at least 180 km. Insight into the origin of these arrivals has been obtained by studying their amplitudes, by measuring their phase velocity by velocity filtering, and by studying their travel-time characteristics. Crustal structure in tbe vicinity of south-west England
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The problems of determining a reliable amplitude-distance curve were minimal along line 1 because (1) shots of the same size were exploded on the seabed beneath which the shallow geological structure and deeper crustal structure were as uniform as could be found, and (2) the responses of the recording systems at Scilly Isles, Carmenellis and Bodmin Moor were well determined. Maximum peak-to-peak amplitudes were measured and corrected for the frequency response of the system and for changes in gain. The results are shown in Fig. 6 .
The velocity filtering technique (Birtill & Whiteway 1965 ) was applied to the digitally recorded data from the Land's End array station using the NUMAC 360/67 computer. In this method, seismometer outputs are delayed by amounts equivalent to a specified velocity of a wave across the array, assuming a plane wavefront. Although the data were recorded at 0.01 s intervals, fractional incrzments of delay could be introduced by interpolation. The delayed outputs are then split into two groups and each group is summed. The two sums are multiplied together and smoothed over an appropriate time window. This is repeated for a range of velocity values, and the maximum value of the smoothed correlogram for a given phase is used to give the best estimate of the true velocity of the wavefront across the array. An example of a correlogram produced in this way is shown in Fig. 7 . The results of velocity filtering applied to a selection of shots along line 1 are listed in Table 3 . The large amplitude secondary arrival occurring in the distance range of approximately 8&140 km is interpreted as the supercritical reflection from the Moho usually referred to as P, P, for the three following reasons. Firstly, the amplitude distance characteristics of the phase in relation to P, and P,, are similar to those of P, P in the theoretical model used by Berry & West (1966b) . Its amplitude at all stations reaches a maximum at a distance of approximately 80 km with a secondary peak, not shown in the model, occuring at varying distances between 130 and 160 km. Beyond 80 km, the amplitude of this arrival is generally at least an order of magnitude larger than the amplitude of P, and beyond 120 km it is significantly larger than that of P,.
Secondly, the travel times of the arrival are best fitted by a curved line appropriate to a Moho reflection (Figs 5 and 8) . Thirdly, velocity filtering shows that apparent velocity for this arrival is 8-4kms-' at 73 km range, 7.1 kms-' at 83 km and 6.1 kms-' at 114km. The velocity should be equal to P,, at the critical distance, where the P, P curve is tangent to the P,, segment. The apparent velocity of the P,,, P arrival should decrease with increasing distance from the critical point until it reaches a minimum value equal to the velocity at the base of the crust at its most distant point. In general the velocity filtering confirms this pattern (Table 3 ) except that it is not possible to recognise the velocity at the base of the crust because of interference between the P, P phase and the channel wave P, (see below).
Model of crustal structure beneath line 1
The first arrival data along line 1 can now be combined with evidence from the secondary arrivals to construct a model of crustal structure beneath the batholith.
This depends on the use of P, P to determine the critical distance x,. According to geometrical ray theory, the maximum amplitude of P, P should occur at x,. However, Cervenf (1966) has shown that geometrical ray theory is not an adequate approximation in the vicinity of the critical distance and that the reflected arrival reaches its maximum amplitude not at the critical distance but at some point beyond it. For line 1, the stations at Scilly Isles, Carnmenellis and Bodmin Moor all indicate a maximum amplitude of P, P at 80+ 5 km distance. Using Cerveni's criteria the critical distance has been estimated to be 65+5 km along this line. However, in the model derived above of a single-layered crust of uniform velocity and 23 km thickness the critical distance should in theory be 48 km. The discrepancy indicates that velocity must increase with depth within the crust.
It is shown in Appendix B that quite good estimates of true crustal thickness T and of average velocity within the crust Vare given by The gravity results along the batholith show that the low density granite extends to a depth of about 10 to 12 km. Lack of any detectable curvature of the P, segments at distances greater than about 30 krn indicates that the velocity within the upper crustal layer does not increase significantly with depth between depths of about 3 and 10 km. Thus our model of crustal structure along'the batholith incorporates an upper crustal layer of uniform velocity PB = 5.85 km s-' consisting of granite, with provisos that (1) there is a near surface lower velocity layer of 2 to 3 km thickness, and (2) velocity may even decrease slightly with depth beneath 3 km because of the outweighing influence cf the geothermal gradient.
An increase in velocity must occur beneath 10 km depth to account for the average crustal velocity of 6.2kms-'. If the increase in velocity occurs as a step, then the head-wave should occur on the records although not necessarily as a first arrival.
On the assumption of a step-like velocity discontinuity at 10 km depth, a lower crustal velocity of 6.4 km s-' would be needed. If the discontinuity is at 12 km depth, the lower crustal velocity would be 6.5 km s-'. Both of these models would give rise to a first-arrival segment between about 100 and 120 km. No such arrivals are seen on any of the time-distance graphs, although it might be argued that there are few shots in the appropriate distance range so that such arrivals may be mistaken for P,. With this in view, the apparent velocity of the first arrival from shot 9 at Land's End station 114 km away was determined by velocity filtering as 5.3 km s-'. This is close to the typical P, apparent velocity across this array. recognizable supercritical reflections from such a boundary. Thus there is no evidence for any significant abrupt increase in velocity within the crust beneath the granite batholith. This implies that there is a gradual increase in velocity with depth in the lower crust possibly beginning at a depth of about 10-12 km. Such a crustal model involving a linear increase in velocity with depth between 10 and 27 km depth is shown in Fig. 8 . Fig. 8 shows how the velocity structure within the crust affects the travel-time curve for the large amplitude secondary arrivals. Three cusps are present, the most prominent being at the critical distance (65 km) where the Pn and P,,, P segments join.
The two segments diverge and the P,,, P curve reaches a second cusp at 148 km. At this point the P,,, P phase terminates where it has a ray in common with a body wave continuously refracted in the lower crustal layer. This distance will be referred to as the grazing incidence distance. The short segment between the pair of cusps at 148 and 126 km represents a refracted ray which has travelled a substantial part of its path in the lower crust. The other segment is asymptotic to the P,, segment and represents a phase which has travelled most of its path in the upper layers of the crust, being refracted where the velocity starts to increase with depth. This latter phase is a channel wave trapped between the ground surface and the top of the lower crust.
It is analogous to the crustal guided wave P described by Shurbet (1960) and Ryall & Stuart (1963) and will be designated F,.
Recognition of these phases is complicated by the similarity of their travel times in the region of the short segment between the cusps, where four phases arrive within a short time of each other. The secondary amplitude maxima seen on the Scilly Isles, Cammenellis and Bodmin Moor records are observed in this region. At distances greater than this, the phase which seemed to be a continuation of the P,,, P segment is thus shown to be the completely different F,, phase. This is confirmed by (1) the results of velocity filtering which yields a consistent apparent velocity of about 5.6 km s-' for this arrival, and (2) the absence of detectable curvature on the segment representing Fr
On the observed records, the P,,, P and F,, segments meet at an angle at a range of about 130 km. The secondary maximum amplitude peak ( 
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A. P. Holder and M. H. P. Bott values to show that velocity starts to increase with depth at a depth of about 9-13 km, assuming a linear increase of velocity through the lower crust. This is in excellent agreement with the depth to the base of the batholith as indicated by gravity survey (Bott & Scott 1964 d. (1970) . Fig. 10 shows the time-distance graphs for line 2. The P, segments for Land's End and Waterford do not overlap so that the line is not truly reversed except by Eskdalemuir. A general thickening of the sedimentary layers away from the ends of the line probably causes the P, segments to underestimate P, and the P, segment at Waterford to overestimate Pn (see Fig. 11 ). The intercept times must also be in error. Thus an elementary interpretation of these segments is unlikely to yield a realistic crustal model.
Interpretation of line 2
A more useful approach is to study the time terms along the line. These are also based on observations at Eskdalemuir, Scilly Isles and Bodmin Moor stations. The time terms are shown together with the Bouguer anomaly profile in Fig. 11 . Over the northern half of the line the Bouguer anomaly is about 20-30 mgal lower than over most of the southern half. The low Bouguer anomaly towards the north has been attributed by Ward (1969) to a sedimentary basin forming a westward extension of the Cardigan Bay basin (Blundell, Davey & Graves 1968) . The P, time terms show good general correlation with the gravity anomalies. The average Pg time term is 0.74 s (s.d. = 0.14 s) over the northern part between shots 43-26 inclusive, and it is 0-24s (s.d. = 0.11 s) over the southern part between shots 27-30 inclusive. The difference of 0.50 s is highly significant. Let us take P, to be 5-85 km s-' and the mean P velocity in the sedimentary basin to be 4 kms-'. According to the NafeDrake relationship, the density contrast between basin and upper crustal layer should be 0.3 g cm-for this velocity difference. A gravity anomaly of -30 mgal amplitude would require a sediment thickness of about 3 km for this density contrast. The time-term difference of 0.5 s would require a sediment thickness of 2-7 km. Within the expected accuracy, there is good quantitative agreement between the sediment thickness interpreted from gravity and time-term anomalies.
P, time terms also show a significant difference between the northern and southern parts of line 2. Between shots 43 and 25 the average P, time term is 3.59s (s.d. = 0.14 s) and between shots 27 and 30 inclusive it is 3-35 s (s.d. = 0.16 s) When correction has been applied for the low velocity sediments using the P, delay times, the time terms for the northern and southern parts of the line become 3.19 and 3.22 s respectively, which do not differ significantly from each other. The average corrected P,, time term for the whole line from Waterford to Shot 30 (excluding Land's End) is 3-18 s (s.d. = 0.14 s), and none of the individual corrected time terms except that at Land's End differs significantly from this value (Fig. 11) . Assuming Pa = 8.05 km s-', PB = 5.85 km s -l and that the crust has a uniform velocity, the crustal thickness is estimated to be 27 km. Assuming a mean crustal velocity of 6.2 km s-l, the crustal thickness estimate is 31 km. These results give no evidence for either deepening or shallowing of the Moho beneath the thick sedimentary basin crossing the northern part of the line. The simplest hypothesis consistent with the precision of the results is that the Moho is at approximately constant depth along the whole line. The average corrected P,, time term for line 2 is, however, significantly higher than along the granite batholith of line 1 between shot 9 and Dartmoor (including Land's End), for which the average value is 2.87 s and the s.d. is 0.09 s. This suggests that either the crust is about 10 per cent thicker beneath line 2, or that the mean crustal velocity is about 5 per cent less or a combination of these. This difference in time terms between the two lines is in the opposite sense to what would be expected from the gravity anomalies, which are about 50mgal lower along line 1 than along line 2. This implies an abnormal P velocity-density relationship, with high velocity corresponding to low density and vice-versa. Such a relationship can be best understood if the higher time terms along line 2 are related to a lower average crustal velocity rather than to a thicker crust. The Land's End P,, segment of the time-distance graph for line 3 is too short to be useful in interpretation. Much more confidence can be placed in the results from the French stations. Revoy (1969) has been able to combine travel times for several shots recorded at a single station with travel times of one shot at several stations to obtain reversed estimates of P, and P,,. He used these results to show that the Moho does not dip significantly between shot 38 and French station 7. In fact P,, is only truly reversed over a short distance, but using Revoy's technique and assuming a Moho of uniform dip we estimate P, to be 5.80fO.O7kms-' and P,, to be 8.07fO-05 kms-', with a horhntal Moho beneath the whole line. Assuming a single-layered crust of uniform velocity, the crustal thickness is estimated as 22-5f 1.8 km. However, the large amplitude phase P,,, P, observed at Land's End and at the French stations and confirmed by velocity filtering, has its maximum amplitude at a shot-station distance of 80+ 5 km. This suggests that the true crustal thickness and mean crustal velocity are closely similar to those of line 1.
An important difference from line 1 results is that relatively large P, time terms apply to the shots of line 3, implying delay in the low velocity upper crust in part caused by known sediment thickness (Fig. 12) . At face value, the P,, time terms for line 3 (Table 2 ) cannot be satisfactorily used to discuss structure along the line. However, the error resulting from the late P,, arrivals in south-west England can be effectively reduced by arbitarily adding 1-40 s to the station time terms and subtracting the same amount from the shot time terms, thus giving better continuity along the line. If we now make allowance for the P, delay on the P,, time terms, we find that there is a general decrease of the corrected P,, time terms to their lowest values of 2.69 and 2.59 s at shots 36 and 37 respectively. This suggests that the sedimentary trough revealed by the shallow refraction lines of Day ef al. (1956) is underlain by a small upwarp of the Moho of the order of 2 km. This conclusion is borne out by the gravity anomalies, which fail to show the local low gravity anomaly which would be expected over the sedimentary trough; this could readily be explained by the compensating effect of an upwarp of the Moho beneath the basin. Between distances of 80 and about 130 km this arrival is interpreted as the supercritical reflection from the Moho referred to as P,,, P, based on velocity filtering, amplitude and time-distance relationships. The critical distance is estimated from P, P as 65 km. Beyond the grazing incidence distance, the large amplitude secondary arrival persists with an apparent velocity similar to that of P,, and it is interpreted as the upper crustal channel wave F,. thickness is estimated to be 27 km and the mean crustal P velocity is estimated as 6-20 km s-l. There is no evidence for a Conrad discontinuity, although velocity must increase with depth between the base of the batholith and the Moho.
4. P, and P,, arrivals for lines 2 and 3 show much greater scatter than those for line 1. The average P,, time term for line 2, after correction for sedimentary delay, is about 10 per cent higher than that for line 1, possibly indicating that the mean crustal velocity is higher. The P, and P,, residuals are significantly larger over much of the northern part of line 2 in the region where a relatively low Bouguer anomaly indicates an underlying sedimentary basin forming a westward extension of the Cardigan Bay basin. The P, time terms are quantitatively consistent with the amplitude of the gravity anomaly; but after correction for the sedimentary delay, the Pn residuals do not differ significantly between northern and southern parts of the line, indicating that the Moho is apparently not observably unwarped or downwarped beneath the sedimentary trough.
5.
If no allowance is made for the sedimentary trough crossing line 3, the crustal thickness and average velocity appear to be closely similar to estimates for line 1.
There are substantial P, time terms along the central part of the line, reflecting in part the sedimentary trough. After the P,, time terms have been corrected for lack of continuity between shots and stations, and for sedimentary delay, they appear to indicate a slight rise of the Moho beneath the sedimentary trough in agreement with interpretation of the Bouguer anomaly profile.
6.
The project has emphasized the importance of planning in relation to known upper crustal structure, showing that much more consistent results can be obtained along a single structure than otherwise. The results also show the usefulness of large amplitude secondary arrivals for determining lower crustal structure. Shots were not sufficiently closely spaced to make full use of these arrivals, but in future experiments it may be of importance in revealing lower crustal structure to make full use of these waves especially between the critical distance and the grazing incidence distance. 
Maximum error in position oun) Then F = 1.46. Let us assume for convenience that the crustal velocity varies linearly with depth from 5.58 km s-' to 6-82 km s-', and that 6 varies linearly from -0.1 to +0-1. This gives = 0.002 and e2 = 0.018. Thus the error introduced by neglecting el and e2 in (3) and (4) is about 1 per cent for T and slightly less for
